ABSTRACT: The problem of water purification is one of the most urgent issues in developing countries, where large infrastructures and energy resources are limited. Among the possibilities for a cheap route to clean water, photocatalytic materials in the form of coatings or nanostructures are among the most promising. The most widely studied photocatalytic material is titanium dioxide (TiO 2 ). Here, we investigate the photocatalytic properties of 1.5% Sb-doped TiO 2 and laser-irradiated Sb-doped TiO x . Calcined Sb-doped TiO 2 was found to adopt the rutile structure, but it turned amorphous after laser irradiation. Photocatalytic tests for Sb-doped TiO 2 showed an activity 1 order of magnitude higher than that of an undoped TiO 2 control sample under both ultraviolet and visible irradiation. A further sizeable enhancement resulted from laser irradiation. The increased photocatalytic activity is ascribed to both enhanced visible region absorption associated with Sb-induced lone pair surface electronic states and trapping of the holes at the lone pair surface sites, thus inhibiting the recombination of the electrons and holes generated in the initial photoexcitation step. This study shows the first rationalization of the photocatalytic properties of Sb−TiO 2 in terms of its electronic structure.
■ INTRODUCTION
There is an increasing attention in the synthesis, characterization, and properties of wide-gap oxide semiconductors able to bring about the photocatalytic reactions using sunlight. Photocatalysis involves excitation of a valence electron into the conduction band: the excited electrons can reduce the surfaceadsorbed species, whereas the valence band (VB) holes act as oxidizing agents. The photocatalytic efficiency depends on the separation of the photogenerated electrons and holes, so as to minimize the simple recombination. Titanium dioxide (TiO 2 ) is one of the most important materials in this field.
1−6 TiO 2 has two important polymorphs: anatase and rutile with band gaps at low temperatures of 3.46 and 3.06 eV, respectively. 7−12 These gaps fall in the near-ultraviolet (UV) region and, as a consequence, neither oxide can bring about the photocatalytic reactions under visible light. 13−15 Following the observation of Asahi et al. 1 that nitrogen doping in anatase TiO 2 promotes the visible region photocatalytic activity, 2,3,16−22 a range of other anionic dopants have been investigated including B, 23, 24 C, 25, 26 and S. 27, 28 These elements are all less electronegative than oxygen, and consequently, the dopant-induced np states appear above the main oxygen O 2p VB. Transition-metal dopants including the group 5 elements V, 29 Nb, 30 and Ta 31 as well as the first-row elements such as Cr, 31 Fe, 31 and Ni 30 have also been shown to promote a visible light response, associated with the introduction of occupied d states into the bulk band gap. Catalysts involving group IX elements including Rh(III) codoped with group XV elements such as Sb(V) to maintain the charge balance are also of current interest. 32 Finally, post-transition metals including Ga, 33 Sn, 7, 34 and Sb 35 have been explored as dopants. A remarkable enhancement in the photocatalytic activity associated with Sn doping is somewhat surprising as Sn(IV) is an isovalent dopant in TiO 2 and would not be expected to introduce states into the band gap. However, it has been shown that Sn segregates to the surface of TiO 2 as Sn(II) and "lone pair" surface states associated with the segregated dopant sit above the main VB edge. Transitions from these states into the conduction band promote the visible region absorption, and at the same time, the resulting holes are trapped in the lone pair orbitals protruding from the surface.
Sb doping is more complicated. In Sb-doped SnO 2 , bulk Sb(V) acts as a simple one-electron donor, and degenerate ntype doping to give a transparent conducting oxide is easily achieved. 36−38 Sb doping in the anatase leads to a similar behavior, with a pronounced increase in the conductivity as electrons are introduced into the conduction band. 39 In both the systems, segregation of Sb(III) to the surface sitessimilar to Sn(II) segregationis also observed. However, Sb doping in the rutile phase of TiO 2 leads to the compensation of incorporation of Sb(V) into the bulk sites by the formation of cation vacancies, and so this phase remains nonconducting. 40−42 Again, there is a segregation of Sb(III) to the surface sites, and lone pair surface states may be seen above the VB edge in photoemission experiments. 40 Obviously, TiO 2 -based materials show many other important properties, and, for example, some of them are related to the nanomedicine (angiogenesis, anticancer, drug delivery, properties, etc.), but in the present study, we focused our attention to photocatalysis. 43−45 In fact, the similarities between the Sn-doped and the Sbdoped rutile in the present paper lead us to explore the photocatalytic activity of the Sb-doped material. In order to help unravel the contributions of enhanced visible region absorption and hole trapping at the surface to the photocatalytic activity, dye degradation experiments involving both visible and UV irradiation were performed.
As an alternative to doping, there has been a recent interest in the "physical" manipulation of surfaces as a means toward the enhancement of catalytic activity, for example by reduction in hydrogen 46, 47 and by laser irradiation of surfaces. 48−51 Here, we combine the two approaches by exploring the photocatalytic activity of laser-ablated Sb-doped TiO 2 .
■ RESULTS AND DISCUSSION
Rutherford Backscattering Spectrometry. Figure 1 shows the Rutherford backscattering spectrometry (RBS) spectrum of the Sb-doped TiO 2 sample. Taking into account the atomic numbers of Sb and Ti, the RBS signal indicates that X-ray Diffraction. Figure 2 shows the X-ray diffraction (XRD) patterns for Sb−TiO 2 and Sb−TiO x samples. The 52 It is well-known that the rutile structure is thermodynamically favored for large crystallites and is almost always observed after annealing TiO 2 samples at a temperature greater than about 600°C. 53, 54 Sharp diffraction peaks are recognized for both Sb-doped TiO 2 and Sb-doped TiO x . However, the decrease in the intensity of the X-ray reflections after laser irradiation to give Sb-doped TiO x can be linked to the formation of an amorphous layer on the sample surface (vide infra).
The transmission electron microscopy (TEM) measurements of Sb-doped TiO 2 have already been performed, and the lattice image of crystals confirmed the XRD crystal structure. 40 Raman Spectroscopy. The Raman spectra are shown in Figure 3 . The TiO 2 spectrum shows the main features of the rutile phase consisting in two peaks at 448 and 610 cm −1 , Figure 1 . RBS spectrum (black line) of the Sb-doped TiO 2 sample. The steps at channels 700, 560, and 260 are related to the Sb, Ti, and O atoms, respectively. The horizontal profile between channels 590 and 700 indicates that the Sb concentration is uniform into the TiO 2 matrix on the length scale of RBS. The red line shows the simulation of the overall RBS spectrum that confirms the ∼1. ) is related to the doubly degenerate breathing vibration of the oxygen octahedron, whereas the latter (A 1g at 610 cm
) is related to the in-phase oxygen displacement. 55, 56 The position of the peaks shifts slightly upon Sb doping or irradiating the samples. In particular, the E g peak shifts from 448 to 443 cm −1 with Sb incorporation and to 440 cm −1 after irradiation. The lower the frequency, the lower the force constant characteristic of the Ti−O bonds. The presence of Sb may soften the structure by relaxing the bonds, thus creating intrinsic defects. 55 In fact, even though the average Ti(IV)−O bond length in TiO 2 is 1.949 Å, shorter than the Sb(V)−O bond length (1.987 Å) found in the mixed valence Sb 2 O 4 compound that contains both Sb(V) and Sb(III) centers, the Sb−TiO 2 system shows Ti(IV) cation vacancies (vide infra) to balance the charge. Furthermore, laser irradiation creates some disordered (amorphous) zone and may further relax the structure. Both the effect of Sb doping and irradiation has a more complicated effect on the A 1g vibration. The A 1g peak in TiO 2 is observed at 610 cm
, but the presence of Sb increases the frequency to 614 cm
, and the laser irradiation relaxes the structure shifting the peak position to 612 cm −1
. Finally, the peak intensities decrease remarkably after laser irradiation, thus indicating that an amorphous layer of titanium oxide was formed on the surface of the irradiated sample.
UV−Vis Spectroscopy. The absorbance spectradefined through the Kubelka−Munk function F(R) as (1 − R) The TiO 2 sharp absorption at a wavelength lower than 450 nm is related to interband absorption at energies greater than that of the band gap. The effective band gap of about 2.8 eV inferred from our measurements on nonirradiated, undoped TiO 2 is somewhat lower than the value of 3.06 eV usually quoted for the rutile polymorph of TiO 2 , possibly because of annealing at high temperature. This treatment is known to create oxygen vacancies and related Ti 3+ defects. The presence of Sb in TiO 2 introduces mid-gap states associated with segregated Sb at the surface and grain boundary interfaces, and absorption in the range 450−600 nm is enhanced. After laser irradiation in water, the sample turned gray, and there was a strong absorption across the complete visible range. This behavior indicates that new states due to the disorder and oxygen vacancies induced by the laser irradiation are formed in the band gap.
X-ray Photoelectron Spectroscopy. Figure 5 shows the normal emission core-level photoelectron spectra of the 1.5% Sb-doped TiO 2 measured in the Ti 2p binding energy region. The Ti 2p 3/2 and 2p 1/2 states are at 458.5 and 464.4 eV, respectively.
It is important to keep in mind that XPS is a surface technique able to probe a thickness of about 30 Å for TiO 2 . The core-level photoelectron spectra of 1.5% Sb-doped TiO 2 , measured in a binding energy region containing both O 1s and Sb 3d peaks, are shown in Figure 6 .
It is well-known that Sb XPS binding energies cannot be used to diagnose the Sb oxidation state because any intrinsic shift between Sb(III) and Sb(V) is compensated by the site potential difference. 57 Also, the Sn core-binding energies for SnO and SnO 2 are identical. 58 Because the Sb 3d 5/2 peak overlaps the O 1s peak (at 530.0 eV) almost perfectly, only the intensity ratio between Sb 3d 3/2 and Ti 2p peaks was used to calculate the effective surface Sb/Ti ratio. 59, 60 The obtained ratio Sb/Ti is 0.16, and this indicates a pronounced surface segregation of Sb. 41 This result is also in tune with the Sbinduced photoemission structure already found in the band gap at about 1.8 eV by means of He−I UV photoemission spectroscopy (UPS, Figure S1 ). 40, 42 In fact, it emerged that, although Sb(V) ions substitute for bulk Ti(IV) ions, Sb(III) species, with a (5s−5p) 2 hybrid electron configuration and electron densities pointing out of the surface plane, are present at the surface. 40, 41 The XPS spectra of laser-irradiated Sbdoped TiO x are almost identical to those of the nonirradiated material.
Photocatalysis. We further investigated the effect of Sb doping and laser irradiation on the photoactivity of the synthetized titanium oxides by following the discoloration of the methylene blue (MB) dye. Data presented in Figure 7 show the absorbance at 665 nm of a 1.5 × 10 −5 M water solution of MB as a function of UV irradiation time in the presence of the catalyst.
In the presence of the undoped TiO 2 , there is evidence of a very small MB absorbance decrease even after 4 h. By contrast, both the Sb-doped TiO 2 and the Sb-doped TiO x act as effective photocatalysts for the discoloration of the MB. Moreover, the concentration of MB decreases following a firstorder kinetic. By fitting the curves with an exponential decay, we are able to extract the discoloration rate: the undoped TiO 2 shows a discoloration rate constant of 0.015 h −1 (decay time 66 h), whereas Sb-doped TiO 2 and Sb-doped TiO x measure 0.21 h −1 (decay time 4.7 h) and 0.25 h −1 (decay time 4.0 h), respectively. Therefore, the photoactivity increases of more than 1 order of magnitude (14-fold) using the Sb-doped TiO 2 and a higher increase (16-fold) are observable after laser irradiation.
We also performed similar measurements to investigate the photocatalytic behavior when using visible light. To this purpose, we irradiated a 1.0 × 10 −5 M water solution of MB (starting Abs = 0.74) in the presence of 1.5% Sb-doped TiO x , with a commercial OSRAM lamp (OSRAM 71, 8 W) whose emission peak was centered at 453 nm. In order to avoid the lamp UV component, a long-pass filter at 400 nm was used. Once more, we collected the absorbance at 665 nm, and Figure  8 shows the different photocatalytic behavior when this solution was excited with UV (368 nm) or visible (453 nm) light. Clearly, the UV irradiation is more effective in promoting the photocatalysis, and, after 4 h, the remaining MB was about the 42% of the initial concentration, whereas, using visible light, the 53% of MB is still present. Even in the case of visible irradiation, the concentration of MB follows a first-order kinetic. The evaluated apparent decoloration rate constant is 0.16 h −1 (decay time 6.3 h). After 10 h, the difference in the MB residue is less pronounced, where the 20% of that is obtained using the UV and the 27% of that is observed using the visible irradiation. It is worth noting that under the 453 nm radiation, both TiO 2 and Sb-doped TiO 2 show a negligible light absorption with a negligible visible photoactivity.
Interpretation of the photocatalytic activity: photoactivity is a complex phenomenon which involves several steps: (i) the generation of the electron−hole pairs, (ii) the separation and the diffusion of the charge carriers to the active sites on the surface, (iii) the interaction of holes with defects or with the MB lying on the surface−solution interphase, and (iv) the scavenging of the electrons. The observed photodegradation activity of Sb-doped TiO 2 must involve all these processes.
The photoactivity of bare TiO 2 rutile, as argued by Fujishima, is correlated with the high oxidation power of the holes in the VB, in concomitance with an efficient mechanism for the scavenging of electrons mediated by the intercalation of hydrogen. 61 The increase of the photoactivity of the Sb-doped TiO 2 catalysts, in comparison with the undoped TiO 2 , is in tune with the increased light absorption observed in the UV spectrum (Figure 4) . Nevertheless, this mechanism is not sufficient to explain the huge photoactivity increase (of 1 order of magnitude) experimentally observed.
By using the site stoichiometry and charge and mass conservation laws, we can write the following equations (using the Kroger−Vink notation) in order to balance the presence of Sb ion: 
where e − in eq 1 represents the electrons in the CB, V Ti in eq 2 indicates the Ti vacancies, V O in eq 3 accounts for the oxygen vacancies, and Sb I in eq 4 stands for the Sb interstitials. In this context, we already reported that Sb substitution in TiO 2 involves a bulk substitution of Sb(V) ions onto the Ti(IV) sites and that the extra electron of the Sb(V) ion is largely compensated by the Ti(IV) vacancies, thus following eq 2. 40 Magnetic measurements show that in Sb-doped TiO 2 , only 3% of the Sb dopant ions gives rise to unpaired spins. 40 Therefore, the mode of compensation mainly included cation vacancies to give Sb(V) x Ti(IV) 1 Sb(III) species, having a formal 5s 2 electron configuration, are accommodated at the surface, where the empty 5p states hybridize with the spherically symmetric 5s states. The hybrids sit above the main O 2p VB edge and are therefore capable of trapping photogenerated holes at sites on the catalyst surface, where the holes are optimally placed to oxidize surfaceadsorbed organic species. The net effect is an increase of the activity of 14-fold.
The laser-irradiated Sb-doped TiO x sample shows an even higher photoactivity than the nonirradiated Sb-doped TiO 2 . Laser irradiation induces a profound modification of the material: it realizes a disordered (amorphous) layer on the surface of the Sb-doped TiO 2 . 51 During the laser irradiation in water, a high-temperature and high-pressure plasma is produced. Moreover, heat diffusion during the first 10 ns of irradiation realizes a bubble (called cavitation bubble) that limits the plasma expansion with a consequent lingering of high temperature (for several microseconds). 62 The cavitation bubble has a complex temporal evolution. The shrinking and the collapse of the bubble realize a new high-pressure and hightemperature state. 63 These conditions make possible the synthesis of a partially amorphous, hydrogenated, reduced material. Hydrogen acts as a donor when intercalated the TiO 2 structure and might be expected to produce the occupied states near the conduction band minimum (CBM). Following the same argument proposed by Fujishima in 2008, H induces a local surface band bending, favors the scavenging of the electrons during the photocatalytical process, and thus enhances the activity. 61 However, in high concentrations, it may cause a distortion of the oxygen environment, thus creating intragap states close to the VB. 61 In this case, the states near the CBM are weakly influenced upon the O bound distortion being based on the Ti 3d states. 46, 64 This distortion may create surface trap states enhancing the activity.
Previous studies on the photocatalytic activity of Sb−TiO 2 have been already reported with no separation of the UV and visible contributions, and some microstructural variations of the catalysts were involved in the interpretation of the photocatalytic activity upon the variation of the Sb doping level. 35 By contrast, in our previous studies, using UPS, lowenergy electron diffraction, XPS, TEM, and superconducting quantum interference device magnetometry, we demonstrated that at low Sb doping levels (∼1 at. %), a well-defined peak appears at 1.8 eV in the band gap due to the lone pairs of the segregated of Sb(III) surface states. 40−42 Moreover, at these low doping levels, Sb strongly segregates only to the topmost ionic layer, whereas at higher Sb doping levels (3−10 at. %), the Sb segregation involves more ionic layers having a lower Sb content per layer and the intensity of the UPS Sb(III) surface states significantly reduced. Therefore, we have chosen to study the photocatalysis of 1.5% Sb-doped TiO 2 because it possesses the highest surface concentration of these Sb lone pair states that cause a visible region absorption and allow the formation of surface site traps for photogenerated holes.
Recent studies have shown that the improvement of the photocatalytic properties of the TiO 2 doped with transition metals can also be seen in terms of modification of density of state of the VB that includes the change in the d-orbital shape and broadening. 65 Our present study does not involve transition metals as dopants, but surface Sb gives rise to lone pair states just above the VB maximum. This both promotes the visible region absorption and gives rise to sites on the surface which can trap photogenerated holes. Moreover, it is argued that the intercalation of hydrogen due to laser ablation can produce states close to the VB edge and able to scavenge electrons. 61 
■ CONCLUSIONS
In the present study, we synthetized and characterized some 1.5% Sb-doped TiO 2 polycrystalline materials. Antimony doping in TiO 2 produces new occupied states above the VB maximum, thus reducing the effective band gap and increasing the absorption in the visible range. A further increase of the absorption was observed after laser irradiation in water because of the realization of a continuum of states in the band gap.
Moreover, doping of TiO 2 with Sb ions resulted in an increased MB degradation photoactivity of more than 1 order of magnitude with respect to the undoped sample. This enhancement was discussed in terms of increased light absorption and trapping of holes at the Sb surface states. A further increase of the activity observed in the laser-irradiated sample was interpreted in terms of the formation of deep states that further favors the trapping of holes near the surface of the Sb-doped TiO x as well as the scavenging of electrons by intercalated hydrogen. We are confident that the Sb−TiO 2 may be used as an efficient and sensitive photocatalyst for water purification.
66−71
■ EXPERIMENTAL DETAILS Materials and Methods. The undoped and 1.5% Sbdoped TiO 2 samples were prepared as already described. 40 The resulting powder was pelletized between WC dies and annealed for 5 days at 1000°C in an alumina crucible in order to confer to Sb ions enough mobility to substitute for T(IV) in lattice positions. Annealing at temperatures up to 800°C resulted in TiO 2 and Sb 2 O 4 mixed phases. A similar procedure without the addition of the Sb solution was followed to obtain undoped TiO 2 pellets.
The preparation of amorphous Sb-doped TiO x was achieved by irradiating an Sb-doped TiO 2 pellet immersed in deionized Milli-Q water (resistivity 18 MΩ·cm) within a quartz cuvette. The radiation source was a Nd:YAG pulsed laser (Giant G790-30) at 532 nm, 10 Hz repetition rate, and 80 mJ energy per pulse. We used the Van Cittert−Zernike theorem results to have a smooth laser spatial profile: the path length of the laser and the diameter of the laser beam have been adjusted to 30 m and 4 mm, respectively. The obtained diffraction pattern has a coherence area of about 4 mm in diameter by smoothing of the laser beam hot spots. A Gaussian intensity profile with a fwhm of 1 mm was used in the present experiment. 21 Samples were irradiated at a fluence of 2 J/cm 2 for several minutes. Characterization of Sb-Doped TiO 2 . The RBS measurements were carried out using a 2 MeV He + beam with a scattering angle of 165°in a normal incidence. The RUMP software was employed for the analysis of the RBS data.
The phase structure of the samples was determined by the grazing angle (0.5°) XRD using a Bruker D-9000 instrument incorporating a Cu Kα anode and a Bruker suite software for the analysis of the diffraction patterns.
The Raman measurements were performed in a backscattering configuration using a HeNe laser, with the analysis of the scattered radiation by a 32 cm focal length monochromator incorporating 1800 grooves/mm diffraction grating. The penetration length of the laser into TiO 2 is estimated to be some hundreds of nanometers because of the multiple scattering on the surface.
The UV/visible reflectance spectra were collected using a PerkinElmer LAMBDA 40 spectrometer in the 350−900 nm with an integrating sphere (Labsphere 20). The absorbance was calculated with the formula: A = 100 − R, where R is the integrated reflectivity in percentage.
The XPS measurements were performed with a PHI 5000 VersaProbe II (the base pressure of the main chamber is 1 × 10 −8 Pa) using monochromatized Al Kα radiation. Calibration and background removal were performed as already described. 59, 72 Photocatalytic Activity. In order to evaluate the photocatalytic activity, UV photodegradation tests were carried out, based on the discoloration of the MB dye. In particular, 20 μL of a MB water solution (0.05 wt %) was added to 2 mL of water to give a final concentration of 1. ). The pellet was vertically placed into this resulting solution that was not stirred, to avoid any possible surface pellet modification because of the bumps between the magnet and the pellet. A standard 1 cm 2 cuvette was used for the transmittance measurements.
The transmittance of the MB solution at the adsorption peak of the dye (665 nm) was measured as a function of time, during the UV irradiation, using a homemade apparatus composed of a 665 nm LED, red sensitive photodiode (Hamamatsu S6430-01 with a spectral response between 600 and 700 nm), and dedicated electronics. The absorption of the solution as a function of time was calculated by using the logarithm of the transmittance. The output of the UV light source (TL 8 W BLB 1FM, Philips) was centered at 368 nm with a fwhm lower than 10 nm and the measured irradiance was about 1.1 mW/cm 2 . In addition, similar experiments have been performed with a visible light source using an OSRAM lamp (OSRAM 71, 8 W) whose emission was centered at 453 nm with a fwhm lower than 50 nm. The measured irradiance was approximately 1 mW/cm 2 . A long-pass filter at 400 nm was used to avoid UV illumination.
The catalytic measurements have been performed four times with no variation in the pellet performance. At the end of each cycle, it was enough to irradiate the Sb−TiO 2 with a UV lamp for cleaning and to restore the initial photocatalytic activity.
Finally, we want to stress that Sb(V) substitutes for T(IV) in lattice positions, and the obtained Sb-doped system does not release any significant Sb ion in water (<3 μg/L), as measured by inductively coupled plasma emission spectroscopy, whereas pure Sb 2 O 3 has a solubility of ∼370 μg/L, at room temperature. This fact indicates that the Sb−TiO 2 photocatalyst is not toxic. 
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